The mRNA export factor RAE1 (also called GLE2) and the mitotic checkpoint protein BUB3 share extensive sequence homology in yeast as well as higher eukaryotes, although the biological relevance of their similarity is unclear. Previous work in HeLa cells has shown that human (h)RAE1 binds the nuclear pore complex protein hNUP98 via a short NUP98 motif called GLEBS (for GLE2p-binding sequence). Here we report that the two known binding partners of hBUB3, the mitotic checkpoint proteins hBUB1 and hBUBR1, both carry a region with remarkable similarity to the GLEBS motif of hNUP98. We show that the GLEBS-like motifs of mouse (m)BUB1 and mBUBR1 are sufficient for mBUB3 binding. mBUB3 lacks affinity for the hNUP98 GLEBS, demonstrating its binding specificity for GLEBS motifs of mitotic checkpoint proteins. Interestingly, mRAE1 does not exclusively bind to the GLEBS motif of hNUP98 and can cross-interact with the mBUB1 GLEBS. We show that full-length RAE1 and BUB1 proteins interact in mammalian cells and accumulate both at the kinetochores of prometaphase chromosomes. Our findings demonstrate that GLEBS motifs reside in mammalian nucleoporins and mitotic checkpoint proteins and apparently serve as specific binding sites for either BUB3, RAE1, or both.
mRNP particles to promote their export from the nucleus. First, the temperature-sensitive mutants of spRae1p (9) and scGle2p (10) accumulate polyadenylated RNA in the nucleus at restrictive temperatures. Second, like genuine mRNA-binding proteins (11) , hRAE1 can be cross-linked to polyadenylated RNA by UV irradiation (8) , implying that hRAE1 and mRNA interact directly or via another protein. Third, hRAE1 binds to TAP, a human mRNA-binding protein that propels export of mRNAs and specific constitutive transport element-bearing viral RNAs (12) .
hRAE1 binds to a GLEBS-like motif located within the FG repeat-containing segment of the nucleoporin NUP98 (7) . The GLEBS motif was first identified within the budding yeast nucleoporin scNup116p, where it serves as a docking site for scGle2p at the NPC (13) . The GLEBS motifs of Nup116p and NUP98 are necessary and sufficient for binding to scGle2p and hRAE1 (7, 13) , respectively. hRAE1 binds to the GLEBS motif of NUP98 through multiple domains, including the WD propeller and part of the carboxyl-terminal non-WD repeat extension (7) .
RAE1 is very homologous to the mitotic checkpoint control protein BUB3. Their homology is not confined to the four WD repeat motifs; it extends over the entire protein length and is particularly high in the central non-WD repeat region that separates WD repeats 3 and 4 (14, 15) . BUB3 was originally discovered in a mutant of S. cerevisiae that failed to arrest in the cell cycle when treated with the microtubule-depolymerizing drug benomyl (16) . Six other mitotic control proteins were discovered in a similar fashion: MAD1, MAD2, and MAD3 (17) ; BUB1 and BUB2 (16) ; and MSP1 (18, 19) . Both BUB1 (20) and MSP1 are protein kinases (21) that phosphorylate BUB3 and MAD1, respectively (20) , suggesting that checkpoint function requires a phosphorylation-based signal transduction pathway (22, 23) . In mammalian cells, BUB3 binds to the mitotic checkpoint proteins BUB1 and BUBR1 via an unknown molecular mechanism (14, 15, 24) . It is known that BUB3, BUB1, and BUBR1 concentrate at kinetochores of mammalian prometaphase chromosomes as part of a larger protein complex serving in mitotic checkpoint control (25) . The observation that hBUB1 is localized at kinetochores of human osteosarcoma cells in early prophase, when levels of BUBR1 at kinetochores are still unremarkable, indicates that hBUB1 and hBUBR1 may dock sequentially to kinetochores of cells undergoing mitosis. In mitotic cells, hBUBR1 binds to the CENP-E (-centromere-associated protein E) (26) , which has led to the idea that BUBR1 is a kinetochore-associated adaptor protein that facilitates the recruitment of CENP-E to kinetochores (27) .
Here we report that mammalian BUB1 and hBUBR1 proteins contain a GLEBS similar to the nucleoporin hNUP98. We show that mBUB1-and mBUBR1-derived GLEBS motifs, which are identical to those found in hBUB1 and hBUBR1, are sufficient for mBUB3 binding. We also demonstrate that hRAE1 (and mRAE1) can cross-interact with the GLEBS motif of mBUB1 and that it has the ability to associate with kinetochores of prometaphase chromosomes. The presence of GLEBS motifs in both transport factors and regulators of mitosis and the ability of RAE1 to bind to GLEBS motifs in both NUP98 and BUB1 provide a novel molecular basis for a potential interplay between nucleocytoplasmic transport and mitotic machines in mammalian cells.
EXPERIMENTAL PROCEDURES
Cloning and Plasmids-mBUB3 cDNA was generated by PCR amplification from DNA clone AI316795 (obtained from the IMAGE consortium; Genome Systems Inc.) using the primer pair 5Ј-TATGCT-AGCATGACCGGTTCGAACGAATT-3Ј and 5Ј-TATGCTAGCATGCAC-GATTTGAACACTGA-3Ј. mBUB1 cDNA was PCR-amplified from a mouse macrophage cDNA library using the primer pair 5Ј-ATCCCGC-TAGCATGGACAACCTAGAAAATGTCTTTCGCA-3Ј and 5Ј-ATCCCT-CTAGATTATTTTCTTGAACGCTTATATTCTG-3Ј. This clone was used to generate mBUB1-GLEBS (229 -266) and mBUB1-GLEBS (209 -286) via PCR amplification using the primer pairs 5Ј-TATGCTAGCAAGC-CTGAGGCTCAGCAAGT-3Ј and 5Ј-GGTCTAGATCACTCATGCTTCT-TCCTTTGAT-3Ј; and 5Ј-TATGCTAGCGAACAAAGGGTGATCATGAT-TTC-3Ј and 5Ј-GGTCTAGATCACTCTTCAAAAGCATTTGCTT-3Ј, respectively. mBUBR1-GLEBS (382-420) and mBUBR1-GLEBS (362-440) were PCR-amplified from mBUBR1 cDNA (28) using primer pairs 5Ј-CCCGAATTCGCCGCCACCATGGACTACAAAGACGAT-3Ј and 5Ј-GGTCTAGATCATCGTTCTTTCAGCTTCTTTC-3Ј; and 5Ј-AAG-GCTAGCAGGAAGCCAGGGAGAGAAGA-3Ј and 5Ј-CCCTCTAGATC-ATTCCGATCTGCTTCTGCATCT-3Ј, respectively. All PCR products were cloned into pBluescript KS (Stratagene) and verified by DNA sequence analysis. The "Tet-Off" gene expression system (CLONTECH) was used to express mBUB3, mBUB1, mBUBR1, mRAE1, and mutants thereof. Ectopically expressed proteins had either a HA1 or a FLAG tag fused to their amino terminus. Expression vectors were transfected into HeLa-tTA (Tet-Off-HeLa) cells (29) . For in vitro transcription and translation purposes, mBUB3, mBUB1, or HA1-mRAE1 (7) cDNAs were cloned into pGEM3 or pSP73. [ 35 S]Methionine-labeled proteins were produced using the TNT-coupled rabbit reticulocyte lysate system (Promega) as described previously (7) .
Cell Culture and Transfections-NIH-3T3 and HeLa-tTA cells were grown in Dulbecco's modified Eagle's medium/10% fetal calf serum and transfected with Superfect (Qiagen). Typically, the cells were analyzed 24 -40 h after transfection. To induce prometaphase arrest, the cells were cultured in the presence of 2.5-M nocodazole for a 16-h period starting 24 h after transfection. For indirect immunofluorescence purposes, nocodazole-treated cells were trypsinized and immobilized on multi-well slides coated with polyethylene amine.
Antibody Production and Purification-To generate BUB3-specific antibodies, mBUB3 sequences encoding amino acids 145-276 were cloned into pQE31 (Qiagen). His-tagged recombinant protein was expressed in Escherichia coli DH12S cells, purified with nickel-nitrilotriacetic acid-agarose (Qiagen) and injected into rabbits. BUB3 antiserum was affinity-purified using His-mBUB3(145-276) recombinant protein immobilized on ProBlot (PerkinElmer Life Sciences) as described previously (30) . Injecting rabbits with keyhole limpet hemocyanin-conjugated peptides RNRLIVMLSEYKRSRK (mBUB1 residues 1023-1038), TQQDKQPGGSQSPA (mBUBR1 residues 1039 -1052), IRQVTDAET-KPKSPCT (h/mBUB3 residues 313-327), and FYNPQKKNYIFLR-NAAEE (h/mRAE1 residues 344 -361) generated mBUB1-, mBUBR1-, h/mBUB3-, and h/mRAE1-specific antibodies, respectively. The generation and purification of antibodies against hBUB1 have been described previously (24) . The peptides were coupled to Sepharose 4B beads and used for affinity purification of antibodies from serum. We verified the specificity of new batches of affinity-purified antibody via Western blot analyses using NIH-3T3 and HeLa cell lysates. As expected, anti-mBUB1(1023-1038) and anti-mBUBR1(1039 -1052) antibodies recognized mBUB1 and mBUBR1, respectively, but not their human counterparts, whereas anti-h/mRAE1(344 -361) bound to both mouse and human RAE1. It should be noted that our mBUB3(145-276) and h/mBUB3(313-327) antibodies, both of which recognize hBUB3 and mBUB3 (data not shown) failed to detect kinetochore-associated fractions of endogenous and ectopically expressed FLAG-mBUB3 in nocoda-zole-treated HeLa-tTA cells, although these antibodies can easily detect these proteins in interphase cells (not shown).
Immunofluorescence, Immunoprecipitations, and Western Blot Analysis-Indirect immunofluorescence, immunoprecipitations, and Western blot analyses were performed as described previously (31) . Human CREST serum (32) was used in a 1:10,000 dilution.
Purification of Recombinant Proteins and Pull-down Assays-cDNA fragments encoding mBUB1(229 -266) and mBUBR1(382-420) were cloned into plasmid pGEX-5X-3 (Amersham Pharmacia Biotech) for the expression of glutathione S-transferase (GST)-tagged recombinant proteins. Expression and purification of GST-mBUB1(229-266), GST-mBUBR1(382-420), GST-hNUP98(150-223), and His-hNUP98(181-224) and performance of pull-down assays were as described previously (7) .
RESULTS

BUB1 and BUBR1
Have GLEBS-like Motifs That Are Sufficient for BUB3 Binding-Data base searches indicated that the GLEBS motif of scNUP116p (13) has very strong homology to hBUB1 residues 249 -264 (69% identity; Fig. 1A ). These residues were positioned within a 38-amino acid hBUB1 segment that has been demonstrated to be necessary for interaction with the RAE1-related protein mBUB3 (15) . This information prompted us to test whether the GLEBS homology region of mBUB1 would be sufficient to mediate mBUB3 binding. WD repeat proteins generally assume their proper native globular structure when synthesized by a coupled reticulocyte lysate transcription/translation system but not when synthesized in E. coli (7, 33, 34) . Therefore, we produced [ 35 S]methioninelabeled mBUB3 via the former approach and used it in a pull-down experiment with a GST fusion protein containing mBUB1 residues 229 -266 (referred to as GST-mBUB1-GLEBS) immobilized on glutathione-Sepharose. We found that mBUB3 bound to GST-mBUB1-GLEBS in this assay (Fig. 1B , lane 1) but not to GST alone (Fig. 1B, lane 3) . In contrast, mBUB3 did not bind to a GST fusion protein containing the hNUP98 GLEBS (residues 184 -224; Fig. 1B , lane 6, a recombinant protein that strongly binds to in vitro translated [ 35 S]methionine-labeled mRAE1 (Fig. 1C, lane 5) . The GLEBS homology region of mBUB1 shares extensive homology (50% identity and 75% similarity) with residues 403-418 of another BUB3-binding protein, mBUBR1 (15, 24, 28) . This prompted us to generate a GST fusion protein containing mBUBR1 residues 382-420 (named GST-mBUBR1-GLEBS) and test its affinity for BUB3. As illustrated in Fig. 1B (lane 2) , GST-mBUBR1-GLEBS was indeed able to interact with mBUB3 in vitro. Together, the above experiments indicate that both mBUB1 and mBUBR1 contain a GLEBS-like motif that is sufficient for mBUB3 binding. The finding that mBUB3 does not interact with the hNUP98 GLEBS demonstrates that this WD repeat protein interacts with a specific subset of GLEBS-containing proteins.
To verify whether hBUB3 can form a stable complex with the GLEBS motif of mBUB1 in mammalian cells, lysates were prepared from HeLa-tTA cells expressing a HA1-tagged mBUB1-GLEBS. The lysates were incubated with anti-HA1 antibody coupled to protein A-Sepharose, and the immunoprecipitates were examined by Western blot analysis. Both HA1-mBUB1-GLEBS and hBUB3 were present in anti-HA1 immunoprecipitates (Fig. 1C, lane 1) . In contrast, anti-HA1 immunocomplexes obtained from lysates of HeLa-tTA cells overexpressing a HA1-tagged mBUBR1-GLEBS contained the GLEBS motif but no hBUB3 (Fig. 1C, lane 2) . However, when HA1-mBUBR1-GLEBS and a FLAG-tagged mBUB3 were coexpressed in HeLa-tTA cells, anti-HA1 immunoprecipitates contained both the GLEBS motif and FLAG-mBUB3 (Fig. 1C,  lane 4) . Although mBUBR1-GLEBS binding to BUB3 requires ectopic expression of mBUB3, the above experiments in HeLa-tTA cells confirm that the GLEBS motifs of the mitotic check-point proteins mBUB1 and mBUBR1 are sufficient for BUB3 binding in vivo.
The GLEBS Motif of BUB1 Targets to Kinetochores of Prometaphase Chromosomes-We examined the subcellular distribution of the BUB1-and mBUBR1-GLEBS motifs in mitotic and nonmitotic HeLa-tTA cells. In interphase, both HA1-mBUB1-GLEBS (Fig. 2, A and B) and HA1-mBUBR1-GLEBS (Fig. 2 , I and J) were located predominantly in the nuclear compartment, although significant amounts of both motifs were also observed in the cytoplasm. In cells that had been arrested in prometaphase with the microtubule-depolymerizing drug nocodazole, HA1-mBUB1-GLEBS staining patterns were punctate ( Fig. 2C ) and almost perfectly overlapping with the punctate anti-hBUB1 ( Fig. 2D ) and anti-kinetochore ( Fig.  2E ) staining patterns observed in these cells (Ն50 prometaphases were examined in detail by confocal microscopy; generally Ն80 -90% of the anti-HA1 signals in the confocal images displayed clear overlap with an anti-hBUB1/anti-kinetochore signal). High resolution images of these stainings are shown in Fig. 2 (H-HЈЈЈ) . By contrast, the HA1-mBUBR1-GLEBS staining patterns in prometaphase cells ( Fig. 2K ; Ն50 prometaphases were studied in detail) had no discernable overlap with the punctate anti-hBUB1 ( Fig. 2L ) and anti-kinetochores staining patterns (Fig. 2M ). High resolution confocal images are FIG. 1. Mammalian BUB1 and BUBR1 proteins carry a GLEBS motif sufficient for BUB3 binding. A, alignment of GLEBS motifs from scNup116p, hBUB1, mBUB1, hBUBR1, mBUBR1, hNUP98, and rat NUP98 (rNUP98). A highly conserved core region is boxed. Within this region, h/mBUB1, h/mBUBR1, and hNUP98 are 69, 44, and 75% identical to scNup116p, respectively. B, pull-down assays. Immobilized GST-tagged GLEBS motifs from mBUB1, mBUBR1, and hNUP98 were incubated with in vitro translated [ 35 S]methionine-labeled HA1-mRAE1 or mBUB3 protein. Pull-down samples were resolved on 12% SDS-polyacrylamide gels and visualized by autoradiography. GST bound to glutathione-Sepharose (lane 3) was used as a negative control. Lanes 4 and 7 show 5% of the in vitro translated [ 35 S]methionine-labeled mBUB3 or HA1-mRAE1 protein used in each pull-down. The arrows designate the positions of HA1-mRAE1 and mBUB3. The asterisk marks a minor translation product that represents mRAE1 without HA1 tag. GST-mBUB1-GLEBS is GST-mBUB1(229 -266); GST-mBUBR1-GLEBS is GST-mBUBR1(382-420); and GST-hNUP98-GLEBS is GST-hNUP98(181-224). C, Western blot analysis of proteins coprecipitated with HA1-tagged mBUB1-or mBUBR1-GLEBS transiently expressed in HeLa-tTA cells either alone (lanes 1 and 2) or with FLAG-mBUB3 (lanes 3 and 4) . Each precipitate was divided in two portions. One-tenth was run on an 18% polyacrylamide gel for detection of GLEBS motifs with anti-HA1 antibody (top panel). The remaining nine-tenths were loaded on a 12% polyacrylamide gel for subsequent detection of FLAG-mBUB3 with anti-FLAG antibody (middle panel) and endogenous hBUB3 ϩ FLAG-mBUB3 with antibodies raised against mBUB3(145-276) (bottom panel). Note that endogenous hBUB3 protein does not bind to mBUB1-GLEBS when FLAG-mBUB3 is ectopically expressed (lane 3). Because both hBUB3 and FLAG-mBUB3 have the ability to interact with HA1-mBUB1-GLEBS, it is presently unclear why endogenous hBUB3 does not coprecipitate in the presence of FLAG-mBUB3. shown in Fig. 2 (P-PЈЈЈ) . Because ectopic expression of FLAG-mBUB3 is required for coprecipitation of HA1-mBUBR1-GLEBS and BUB3 in HeLa-tTA cells (as shown in Fig. 1C, lane  3) , we wanted to determine whether HA1-mBUBR1-GLEBS would target to kinetochores in the presence of ectopically expressed FLAG-mBUB3. Therefore, we cotransfected HeLa-tTA cells with HA1-mBUBR1-GLEBS and FLAG-mBUB3 and double-stained them with anti-HA1 and anti-kinetochore antibodies after a 6-h period of nocodazole treatment. Analysis of 25 prometaphases by confocal microscopy revealed that only a small proportion of the kinetochores (ϳ5-20%; Fig. 2R ) presented HA1-mBUBR1-GLEBS staining ( Fig. 2Q; for details see Fig. 2, U-UЈЈЈ) . The intensities of the kinetochore-associated HA1-mBUBR1-GLEBS signals were relatively weak compared with those of HA1-mBUB1-GLEBS (compare Fig. 2, C and Q) . As illustrated in Fig. 2 (V-X), FLAG-mBUB3 was able to bind efficiently to kinetochores of nocodazole-treated HeLa-tTA cells. When we costained such FLAG-mBUB3 expressing cells with anti-FLAG antibodies and either BUB3-specific antibodies raised against mBUB3(145-276) or antibodies against mBUB3(313-327), no kinetochore-specific punctate signals were obtained with both anti-mBUB3(145-276) and anti-mBUB3(313-327) antibodies. This result suggests that BUB3 epitopes recognized by mBUB3(145-276) and BUB3(313-327) antibodies are likely to be unexposed when BUB3 is bound to kinetochores of metaphase chromosomes, although both antibody samples readily detect endogenous hBUB3 as well as FLAG-mBUB3 in interphase cells (data not shown). Because of this epitope-masking phenomenon, we did not perform a BUB3 detection on nocodazole-treated HeLa-tTA cells cotransfected with HA1-mBUBR1-GLEBS and FLAG-mBUB3.
Together, the above localization studies indicate that the mBUB1-GLEBS, but not the mBUBR1-GLEBS, has the ability to target efficiently to kinetochores in prometaphase cells.
RAE1 Cross-interacts with BUB1 through the BUB1 GLEBS-We determined whether mRAE1 was able to bind to the GLEBS-like motifs of mBUB1 and mBUBR1 because of the high degree of homology between mBUB3 and mRAE1. As illustrated in Fig. 3 , in vitro synthesized [ 35 S]methionine-labeled mRAE1 bound to both GST-mBUB1-GLEBS (Fig. 3A,  lane 2) and GST-mBUBR1-GLEBS (Fig. 3A, lane 3) in a pulldown assay. Anti-HA1 immunoprecipitates from HeLa-tTA cells overexpressing HA1-mBUB1-GLEBS revealed that the GLEBS motif of mBUB1 was able to interact in vivo endogenous hRAE1 (Fig. 3B, lane 1) . Conversely, when HA1-mBUBR1-GLEBS was overexpressed in HeLa-tTA cells, it did not bind to endogenous hRAE1 (Fig. 3B, lane 2) . Furthermore, coexpression of FLAG-mRAE1 with HA1-mBUBR1-GLEBS did not result in a detectable interaction (Fig. 3B, lane 4) . We note that anti-HA1 immunoprecipitates from HeLa-tTA cells that we cotransfected with HA1-mBUB1-GLEBS and FLAG-mRAE1 expression plasmids contained exclusively FLAG-mRAE1. This result indicates that ectopically expressed FLAG-mRAE1 protein competes effectively with endogenous hRAE1 and hBUB3 for binding to the HA1-mBUB1-GLEBS (Fig. 3B, lane 3 ; see also lane 1).
To determine whether full-length RAE1 and BUB1 interact, we performed several distinct binding studies. First, we synthesized [ 35 S]methionine-labeled HA1-mBUB1 and mRAE1 with a coupled reticulocyte lysate transcription/translation system and incubated a mixture of these two proteins with anti-HA1 or control (anti-FLAG) antibody. Analysis of immunoprecipitates after gel electrophoresis revealed that anti-HA1 precipitate contained both HA1-mBUB1 and mRAE1 (Fig. 4A,  lane 1) , whereas no labeled proteins were detected in the control precipitate (Fig. 4A, lane 2) . Thus, we conclude that fulllength mBUB1 and mRAE1 interact in vitro. We note that the intensity of the mRAE1 band is higher compared with that of HA1-mBUB1. This could be due to a more efficient incorporation of [ 35 S]methionine into mRAE1 than into HA1-mBUB1 (despite the presence of a considerably more methionine residues in HA1-mBUB1 than in mRAE1). Alternatively, it is conceivable that multiple molecules of mRAE1 precipitate per molecule of HA1-mBUB1 because of oligomerization of in vitro translated mRAE1. However, there is currently no evidence to suggest that mRAE1 has the capability to form oligomers. Second, we coexpressed HA1-mBUB1 and either FLAG-mRAE1 or FLAG-mBUB3 in HeLa-tTA cells and prepared extracts for immunoprecipitation experiments using anti-FLAG antibody. Immunoblotting showed that both FLAG-mBUB3 and FLAG-mRAE1 efficiently coprecipitated HA1-mBUB1 (Fig. 4B, lanes 1 and 3) . Similar coprecipitation results were obtained using extracts derived from HeLa-tTA cells that were arrested in prometaphase with nocodazole 16 h before lysates were prepared (Fig. 4B, lanes 2 and 4) . This indicates that a mitotic arrest does not enhance the amount of mBUB1 bound to mBUB3 or mRAE1. To investigate the interaction between endogenous hBUB1 and hRAE1, we immunoprecipitated extracts from HeLa-tTA with affinity-purified BUB1 antibody or a similar amount of preimmune antibody and performed a Western blot analysis using affinity-purified antibodies raised against mRAE1(188 -347). As shown in Fig. 4C (lane 2) , hRAE1 was present in anti-hBUB1 precipitates but not in precipitates obtained with preimmune antibody (Fig. 4C, lane 1; n ϭ 3 independent experiments). Although a significant proportion of hRAE1 remained in the supernatant (Fig. 4C, lane 4) , we conclude that a subset of the cellular hRAE1 pool is in a complex with the mitotic checkpoint protein hBUB1. Finally, treatment of HeLa-tTA cells with nocodazole had no impact on the interaction between endogenous hRAE1 and hBUB1 (data not shown). RAE1 Is Present at Kinetochores of Prometaphase Chromosomes-If RAE1 and BUB1 exist as a functional complex in vivo, the two proteins should colocalize to kinetochores of prometaphase chromosomes. To test this prediction, HeLa-tTA cells were cotransfected with FLAG-mRAE1 and HA1-mBUB1, treated with nocodazole, and then triple-stained with antibodies to FLAG, BUB1(1023-1038), and kinetochores. As shown in Fig. 5 (A-D and AЈ-DЈ) , all three antibodies displayed an overlapping punctate staining pattern, revealing that ectopically expressed mRAE1 was present on kinetochores of prometaphase chromosomes not attached to microtubules (15 metaphases were analyzed in detail by confocal microscopy; generally Ն70 -90% of the anti-HA1-mRAE1 signals in the human anti-kinetochore serum (CREST) (E), and Hoechst (G). F is a merged image of C-E and illustrates the overlap between the individual staining patterns. H-HЈЈЈ, high resolution images of a cell stained for HA1-mBUB1-GLEBS (H), hBUB1 (HЈ), and kinetochores (HЉ). HЈЈЈ, merge image of images H-HЉ. I and J, interphase HeLa-tTA cell transfected with HA1-mBUBR1-GLEBS and stained with anti-HA1 antibody (I) and Hoechst (J). K-O, prometaphase HeLa-tTA cell transfected with HA1-mBUBR1-GLEBS and immunostained with anti-HA1 antibody (K), anti-hBUB1 antibody (L), human anti-kinetochore serum (CREST) (M), and Hoechst (O) . N is a merged image of K-M. P-PЈЈЈ, details of a cell stained for HA1-mBUBR1-GLEBS (P), hBUB1 (PЈ), and kinetochores (PЉ). PЈЈЈ, merge of P-PЉ. Q-T, prometaphase HeLa-tTA cell cotransfected with HA1-mUBR1-GLEBS and FLAG-mBUB3 and stained with anti-HA1 antibody (Q), anti-kinetochore antibody (R), and Hoechst (T). S, merge of Q and R. U-UЉ, high resolution images of the cell shown in Q-T. U, HA1-mBUBR1-GLEBS staining; UЈ, kinetochore staining; UЉ, merge of U and UЈ. V-Y, representative HeLa-tTA cell that was transfected with FLAG-mBUB3 and arrested in prometaphase with nocodazole. We stained it with anti-FLAG antibody (V), human anti-kinetochore serum (CREST) (W), and Hoechst (Y). X, merge image of V and W. confocal images clearly overlapped with an anti-hBUB1/antikinetochore signal). Although ectopically expressed mRAE1 clearly bound to kinetochores, a significant proportion of it was found in the mitotic cytosol (Fig. 5, A and D) . We also triplestained the FLAG-mRAE1 and HA1-mBUB1 transfected HeLa-tTA with antibodies to FLAG, mRAE1(188 -347), and kinetochores. As expected, the punctate anti-FLAG and antikinetochore staining patterns overlapped, but no punctate anti-RAE1 signal was detectable (data not shown). This result indicates that RAE1 epitopes recognized by anti-mRAE1(188 -347) antibodies are likely to be masked when RAE1 is bound to kinetochores of metaphase chromosomes. To test whether RAE1 was able to localize to kinetochores of prometaphase chromosomes under near physiological conditions, we generated a NIH-3T3 line with a low-to-moderate overexpressed HA1-mRAE1 (endogenous mRAE1:HA1-mRAE1 ratio of about 1:1; data not shown). When we double-stained these cells with anti-HA1 and anti-kinetochore antibodies, we found clearly overlapping punctate staining patterns (Fig. 5, F-H and FЈ-HЈ); 15 prometaphase cells were analyzed in detail; again generally Ն70 -90% of the anti-HA1-mRAE1 signals in the confocal images had a matching anti-hBUB1/anti-kinetochore signal). Finally, we produced a polyclonal rabbit antiserum against a synthetic peptide that comprises carboxyl-terminal h/mRAE1 residues 344 -361. When we costained 3.5-day-old mouse blastocysts with anti-mRAE1(344 -361) and anti-kinetochore antibodies (n ϭ 10 embryos), we were able to detect punctate mRAE1 staining in prometaphase cells that overlapped with kinetochore staining (Fig. 5, J-JЈЈЈ and K-KЈЈЈ) . Together the above immunolocalization experiments suggest that mRAE1 has the ability to target to kinetochores of prometaphase chromosomes.
DISCUSSION
In this report, we identify the GLEBS motif as a widespread interaction domain. Specifically, we show that GLEBS motifs 2) or with FLAG-mRAE1 (lanes 3 and 4) . One-tenth of each precipitate was run on an 18% polyacrylamide gel for detection of GLEBS motifs with anti-HA1 antibody (top panel). The remaining nine-tenths were loaded on a 12% polyacrylamide gel for consecutive detection of FLAG-mRAE1, endogenous hRAE1, and ectopically expressed FLAG-mRAE1 (bottom panel) and endogenous hBUB3.
FIG. 4. Interaction between full-length BUB1 and RAE1 proteins.
A, coprecipitation of HA1-mBUB1 and mRAE1 in vitro. [ 35 S]Methionine-labeled in vitro translated HA1-mBUB1 and mRAE1 were mixed and immunoprecipitated with antibody against the HA1 tag. The immunoprecipitated proteins were separated on a 12% SDS-polyacrylamide gel and visualized by autoradiography (lane 1). Anti-FLAG antibody, serving as a negative control, did not precipitate any labeled protein (lane 2). The positions of HA1-mBUB1 and mRAE1 are marked with arrows. B, HeLa-tTA cells were cotransfected with HA1-mBUB1 and either FLAG-mRAE1 or FLAG-mBUB3. The cell lysates were prepared and incubated with anti-FLAG antibody. Immunoprecipitated protein complexes were separated on a 12% polyacrylamide gel and transferred to a polyvinylidene difluoride membrane for Western blot analysis. FLAG-mBUB3 (lower panel, lanes 1 and 2) and FLAG-mRAE1 (lower panel, lanes 3 and 4) coprecipitated with HA1-mBUB1. Note that in the absence of HA1-mBUB1 expression, no staining with anti-HA1 antibody was seen (lanes 5 and 6) . C, coprecipitation of endogenous hRAE1 with anti-hBUB1 antibodies. Anti-hBUB1 (upper panels) and anti-mRAE1(188 -347) (lower panels) Western blots of immunoprecipitates from HeLa-tTA cells. Immunoprecipitations were performed with affinity-purified antibodies to hBUB1 (lane 2) and control antibodies (preimmune serum, lane 1). Approximately 10% of the preimmune and anti-hBUB1 supernatants were loaded (lanes 3 and 4) to assess the amounts of hBUB1 and hRAE1 precipitated from the cell lysates. A total of three coprecipitation experiments were performed. Endogenous hRAE1 and hBUB1 were found to coprecipitate in all three experiments.
FIG. 5. RAE1 and BUB1 localize to kinetochores of prometaphase chromosomes.
A-E, HeLa-tTA cells were cotransfected with HA1-mBUB1 and FLAG-mRAE1 expression constructs, treated with nocodazole for 16 h, and then triple-labeled with antibodies to FLAG, kinetochores (CREST serum), and mBUB1(1023-1038). We point out that our anti-mBUB1(1023-1038) antibody specifically detects the ectopically expressed HA1-mBUB1 protein (it does not cross-react with endogenously expressed hBUB1 from HeLa-tTA cells). Images of a representative cell are shown. A, FLAG-mRAE1 labeling; signals appear as dotted foci in the nucleus and as dotted structures in the mitotic cytoplasm (red). B, kinetochore labeling (green). C, HA1-mBUB1 labeling (yellow). D, merged images of A-C. E, DNA labeling (blue). Enlargements of the two kinetochores indicated by the arrowheads in A-D are shown in AЈ-DЈ. Representative images of a NIH-3T3 cell in prometaphase expressing similar amounts of endogenous and HA1-tagged mRAE1 are shown. F, anti-HA1 labeling detecting HA1-mRAE1. G, kinetochore labeling. I, DNA staining. H, merged images of F and G. FЈ and GЈ, enlargements of the three kinetochores in F and G. J-JЈЈЈ and K-KЈЈЈ, high resolution images of two immunolabeled mouse blastocyst cells in prometaphase. J and K, anti-mRAE1(344 -361) labeling. JЈ and KЈ, kinetochore labeling. JЉ, merge image of J and JЈ. KЉ, merge of K and KЈ. JЈЈЈ and KЈЈЈ, DNA staining. In this study, we analyzed eight blastocysts (consisting of ϳ30 -40 cells), of which five contained one or two prometaphase cells that could be analyzed by confocal microscopy. On average about half of the CREST-stained kinetochores were also positive for RAE1. occur not only in the nucleoporins hNUP98 and scNup116p (7, 13) but also in the mitotic checkpoint proteins h/mBUB1 and h/mBUBR1. We demonstrate that the GLEBS motifs of mBUB1 and mBUBR1 are sufficient for binding to BUB3 in vitro. In HeLa cells, however, the mBUBR1-GLEBS/BUB3 interaction, but not the mBUB1-GLEBS/BUB3 interaction, requires ectopic expression of BUB3, illustrating that the binding properties of the two GLEBS motifs differ in living cells. Furthermore, we show that the GLEBS of mBUB1 is sufficient for targeting to kinetochores of prometaphase chromosomes; the GLEBS motif of mBUBR1 by itself does not target to kinetochores, although a small amount of mBUBR1-GLEBS can be detected on a subset of kinetochores when FLAG-mBUB3 is coexpressed. Finally, we show that hBUB1, but not BUBR1, can cross-interact with RAE1 through its GLEBS motif. Binding of RAE1 to a nucleoporin and a mitotic checkpoint suggests that this WD repeat protein could be implicated in both nucleocytoplasmic transport and mitosis (as will be discussed below).
The GLEBS motifs of scNup116p, hNUP98, h/mBUB1, and h/mBUBR1 contain a highly conserved core region of 16 amino acids (Fig. 1A) . Compared with scNup116p, the identity of this core region is 75% for hNUP98, 69% for h/mBUB1, and 44% for h/mBUBR1. We have shown that RAE1 binds to the GLEBS motif from a mammalian nucleoporin (7) and a mitotic checkpoint protein, whereas BUB3 strictly binds to GLEBS motifs from mitotic checkpoint proteins. In vitro, mRAE1 seems to interact equally well with GLEBS motifs from mBUB1 and mBUBR1; however, in vivo, its binding is clearly restricted to BUB1. BUB1 has significantly more homology to nucleoporinderived GLEBS motifs than h/mBUBR1, which may explain why only the mBUB1 motif binds to hRAE1 under physiological conditions. Alternatively, it is conceivable that hRAE1 does have affinity for GLEBS motifs of both mBUB1 and mBUBR1 in vivo but that only the GLEBS motif of mBUB1 can compete effectively with endogenous hRAE1-binding proteins for interaction with hRAE1.
The mechanism by which individual spindle checkpoint proteins assemble on kinetochores of prometaphase and metaphase chromosomes is complex and only partially understood (35, 36) . Several studies suggest that BUB3 and MAD2 are checkpoint proteins that dock early to unattached kinetochores of prometaphase chromosomes (14, 15, 37, 38) . It is not clear how BUB3 is directed to kinetochores and whether this requires physical interaction with BUB1 or BUB1-mediated phosphorylation of BUB3. Our finding that BUB1-BUB3 complexes are present in interphase cells favors a model in which BUB3 targets to kinetochores of condensed chromosomes in a BUB1-bound fashion. Because of the remarkable homology between BUB3 and RAE1, the prediction is that the scenario for RAE1 assembly on kinetochores will be very similar to that of BUB3. Like BUB3, RAE1 forms a complex with BUB1 in interphase cells, implying that RAE1 could also bind to unattached kinetochores in a BUB1-bound fashion. No detectable amounts of 32 P-labeled hRAE1 were formed when HeLa-tTA cells were grown in the presence of [ 32 P]orthophosphoric acid. 2 Thus, currently there is no evidence to suggest that phosphorylation of RAE1 would be a prerequisite for its kinetochore localization.
Our observation that RAE1 has the ability to target to the GLEBS motifs of both NUP98 and BUB1 is of significant interest, particularly in light of the recent discovery that the soluble nucleocytoplasmic transport Ran transforms into a key regulator of mitosis following disassembly of the nuclear enve-lope at the beginning of the M phase. Ran, a well characterized transport factor (for reviews see Refs. 39 -41) , is maintained as Ran-GTP in the nucleus by the nucleotide exchange factor RCC1 and as Ran-GDP in the cytoplasm by the GTPase-activating protein Ran-GAP. Ran-GTP is bound to substrate containing export factors because they dock to and translocate through the NPC. At the cytoplasmic face of the NPC, Ran-GTP is converted into Ran-GDP, which triggers disassembly of the trimeric export complex. Substrate-containing import factors dock and translocate through the NPC without Ran. Once at the nuclear face, import complexes associate with Ran-GTP, which triggers the release of substrate from the complex. A series of recent experiments have led to a model for Ran function in mitotic spindle formation. According to this model, a chromatin-associated pool of RCC1 creates high levels of GTPbound Ran near condensed chromosomes in mitotic cells (42) (43) (44) (45) . This local pool of Ran-GTP interacts with importin ␣/␤ heterodimers that bind and inhibit microtubule-organizing components, such as NuMA and TPX2. The binding of Ran-GTP to these complexes then triggers the release of the microtubule-organizing components from the importin ␣/␤ complexes, resulting in activation of the microtubule-organizing components and promotion of mitotic spindle assembly (46 -48) .
Our data showing that RAE1 binds to BUB1 through a GLEBS motif suggest that RAE1 could be a novel nucleocytoplasmic transport factor with an alternate role in mitosis. It is possible that upon the sharp decline in mRNA synthesis at the onset of mitosis, RAE1 will simply retire as an export factor and transform into a regulator of mitosis. This hypothesis is supported by experiments in fission yeast (49) , demonstrating that disruption of spRae1p not only causes defective mRNA export from the nucleus but also a specific arrest in mitosis at a stage prior to the formation of a mitotic spindle.
Interestingly, recent experiments have revealed that two mitotic checkpoint proteins, human MAD1 and MAD2, are bound to nuclear basket structures of nuclear pores embedded in the nuclear envelope in interphase (50) . Although it is currently unclear whether NPC-associated MAD1 and MAD2 molecules play an active role in nucleocytoplasmic transport, the fact that these checkpoint proteins have the ability to associate with both kinetochores and nuclear pores supports the notion that the nucleocytoplasmic and mitotic mechanisms contain multiple shared components. Further characterization of RAE1, MAD1, and MAD2 may have the promise of further uncovering the intriguing interplay between the nucleocytoplasmic and mitotic machines.
